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Abstract ⎯ The results of a simulation study of the action 
potential duration (APD) distribution and T-wave 
morphology taking into account the midmyocardial cells (M-
cells) concept are described. To investigate the effect of M-
cells we present a computer model in which ion channel 
action potential formulations are incorporated into three-
dimensional whole heart model. We implemented 
inhomogeneous continuous action potential duration 
distribution based on different distributions of maximal slow 
delayed rectifier current conductance. Using the proposed 
action potential distribution procedure midmural zeniths 
with longest action potential length were created as islands 
of model cells in the depth of thickest areas of ventricular 
tissue. Different spatial functions on layer indexes were 
simulated and their influences on electrocardiogram 
waveforms were analyzed. Changing parameters of ion 
channel model we varied duration of minimal and maximal 
action potential and investigated T-wave amplitude, Q-Tpeak 
and QT intervals variations. The study demonstrated that the 
proposed APD distribution is reasonable and produces 
realistic electrocardiographic waveforms. 
 
Index Terms ⎯ whole heart model, ion channels, M-cell, T-
wave  
I. INTRODUCTION 
Transmural heterogeneity of action potentials is considered 
to be an important factor for understanding electrical 
proprieties of the heart and arrhythmic mechanisms. 
Experimental studies on isolated ventricular cells have 
demonstrated that three functionally different cell types 
exhibit distinct electrophysiological profile. These cell types 
include endocardial cells, epicardial cells, and a 
subpopulation of M-cells [1, 2]. It was demonstrated by 
Antzilevich et al (see, for example, [3]) that M-cells with 
APD longer than those of endocardial and epicardial cells 
are located in midmyocardium of left ventricular anterior 
and lateral walls and septum.  
       Although recently M-cells became a debated issue, we 
assume the presence of M-cells in the ventricular midwall 
and include them in our present study. It has been shown 
that transmural voltage gradients during repolarization 
contribute importantly to the T-wave and correlations have 
been found between cellular events and the surface signal. 
       Limited number of experimental works was performed 
on studies of action potential (AP) transmural heterogeneity 
in human myocardium [4, 5]. The results provide only 
partial information from isolated regions of the myocardial 
tissue and do not represent the entire heart. Still it remains 
unclear how exactly three types of ventricular cells (epi-, 
endo and midmyocardial) are distributed throughout the 
heart tissue. In computer simulation studies many 
researchers use 2D and 3D ventricular slab structures [6, 7] 
where these cells are located as discrete layers in different 
proportions based on studies of Drouin et al. [4].  One can 
assume that such layered structure should not be 
homogeneous with constant APD in each layer, because 
such arrangement leads to great differences in duration on 
the borders between the cell layers. In particular, this is 
related to the right ventricle free wall where the tissue layer 
is thinnest. The heterogeneous structure with smooth 
changes form short to long, and than from long to short APD 
across the myocardial walls can overcome the APD 
discontinuity.  
       Continuous variation of APD across the ventricular wall 
has been shown in the experimental works [8, 9], which 
noted the reduction of the in vitro difference in APD 
between M-cells and endocardial/epicardial cells to much 
smaller in vivo values due to the effect of electrotonic 
coupling. The hypothesis of the continuous APD distribution 
found some confirmation in 3D whole heart computer 
simulations [10-12]. 
       We present the development of the three-dimensional 
heart model first proposed by Aoki et al. [13] based on 
theoretical studies of the T-wave by Harumi at al. [14]. The 
model was expanded to the whole heart by Wei at el. [15-
18] and allows simulating the body surface 
electrocardiograms (ECGs) based on anatomical and 
electrophysiological settings. The model was utilized in 
different simulation studies (see, for example, [19, 20]), and 
demonstrated its reliability and adequacy in most cases.  
       In this study we utilize the modified whole heart model 
incorporating updated realistic ion channel model for 
calculating electrical AP of ventricular myocytes. We 
propose and consider smooth heterogeneous ventricular 
APD distributions depending on thickness variation of 
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different myocardial walls. The APD distributions are based 
on continuous assignment of slow delayed rectifier current 
values. 
      The purpose of this study is to analyze the validity of the 
proposed APD distribution of three myocardial cell types 
over the ventricular tissue, investigating the shape and 
amplitude of the T-wave, Q-Tpeak and QT intervals. Since the 
T-wave is the result of spatial heterogeneity in the 
ventricular APD, we vary the minimal and maximal APD of 
epicardial and midmyocardial cells and study its influence 
on the T-wave formation. 
        The paper is organized as follows. In Section II, we 
introduce the modifications in the ionic currents formulation 
of ion channel model and their impact on the AP and ECG 
waveform shapes. Details of the ion channel model are 
included in Appendix. Next, we briefly summarize the three-
dimensional whole heart model utilized in this study and 
propose an APD spatial distribution incorporating the M-
cells. In Section III, we present simulated qualitative and 
quantitative results cardiac activity validating the proposed 
model. This is followed by discussion in Section IV, 
limitations of this study in Section V, and conclusions in 
Section VI. 
 
Figure 1. Calculated time dependencies of sodium-calcium exchanger 
current INaCa (for original and modified models) and late sodium current 
INaL. 
 
 
II. SIMULATION METHODS 
A. Ion Channel Model 
In this study, we modified total transmembrane ionic current 
Iion in the model of human ventricular myocytes of ten 
Tusscher and Panfilov [21] by changing formulation of 
sodium-calcium exchanger current INaCa and adding late 
(slowly inactivating) sodium current INaL. We fitted the 
parameters of ion channel kinetics to available experimental 
data from human ventricular myocytes to let our model APD 
lie more in the midrange of experimental data [22, 23]. 
General equations of the model and corresponding 
parameters for the currents are described in the Appendix. 
        Figure 1 shows the obtained time dependencies of INaCa 
for original and modified models and INaL. The calculated 
minimal (epicardial) and maximal (midmyocardial) AP and 
ECG waveforms for the modified model and its comparison 
with the original ten Tusscher model are demonstrated in the 
Fig. 2. 
B. Three-Dimensional Human Whole Heart Model 
The 3D human whole-heart model consists of about 55,000 
discrete units (model cells) representing atria and ventricles 
and mounted in homogeneous torso. The model is 
constructed in the close-packed cubic structure, and each 
unit is in direct contact with up to 12 adjacent, equidistant 
cells with 1.5 mm spatial resolution. These elements are 
arranged in matrix of 50x50x81 cells, each identified by 
three integers in a hexagonal coordinate system [15]. Cell-
by-cell fiber direction is incorporated into the heart model by 
sorting the discrete cells into layers and setting the fiber 
orientation for each layer so as to have a total 90 degree 
fiber orientation gradually changed from the epicardium to 
the endocardium. The anisotropy in conduction velocity of 
propagation and electric conductivity is incorporated based 
on the fiber direction [16].  
        The propagation of excitation in the heart model is 
simulated based on the Huygens' Principle. At any time step, 
an ellipsoidal wavelet based on the local fiber direction is 
calculated. The long semiaxis of the wavelet along the fiber 
direction, Rl, and the other two short semiaxes along the two 
transversal directions, Rt, are determined with 
 
Figure 2. Comparison of original and modified ion channel models: (a) 
action potential waveforms with minimal (epicardial) and maximal 
(midmyocardial) durations and (b) lead V5 simulated ECG waveforms. 
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( )R V t Tl l= ⋅                                       (1) 
 
and 
R R kt l= ⋅ r
1<
                                      (2) 
 
respectively, where T is the time step, Vl is the longitudinal 
conduction velocity of the cell at time t, and kr is the 
conductivity ratio. The extent of wavelet propagation is 
described by  
 
   ,                 (3) 2 2 2 2 2 2/ / /l R n R m Rl t t+ +
 
where l, n, and  m are the distances along and across the 
fiber direction in the local coordinate system established at 
the exciting cell. Cells within the wavelet can be activated if 
they are excitable at that time, which is evaluated by 
refractory principle. The excitation of cardiac cells yields 
electrical current inside the heart as the electric cardiac 
source of the ECG. 
        The surface potentials on the model torso generated by 
the heart model were calculated by means of the boundary 
element method [24]. Surface potentials on all surface nodal 
points were calculated. The standard 12-lead ECG was 
calculated based on standard electrode positions. 
        The solution of the cardiac source is based on the 
spatial distribution of transmembrane potential resulted from 
the propagation of excitation. The modified Miller-
Geselowitz formula was used taking into account the 
rotating anisotropic media [25]: 
 
in inJ D= − ∇Φ
JG
,                             (4) 
 
where J
JG
 is the current dipole moment in the cardiac 
myocardium, Din is the intracellular conductivity tensor, and 
 is the intracellular potential. inΦ
        For a homogeneous torso model, the following equation 
for potentials was used by applying Green’s theorem to the 
torso surface: 
 
1 1 1( ) d ( ) d
4 4 s
r J r
rν
νπσ π
⎛ ⎞ ⎛ ⎞Φ = ⋅∇ + Φ ∇⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠∫ ∫
GG 1 s
r
G ,  (5) 
 
where Φ is the surface potential, σ is the conductivity, and r 
is a scale distance from  to .The first term of 
this equation is equal to the potential which would be 
yielded in an infinite homogeneous medium owing to the 
cardiac source. The second term reflects the boundary effect. 
The Neumann’s boundary condition is applied to the 
potential on torso surface, since the conductivity is zero 
outside the torso. 
( )dv rG ( )ds rG
        For the solutions of potential theory, the boundary 
element method was used. An intermediate variable 
0ψ φ φ= −  was introduced to reduce a Poisson equation 
with respect to φ , to a Laplace equation with respect to ψ , 
with boundary condition of 
 
0
0q
n n
ψ φ∂ ∂= = −∂ ∂ .                               (6) 
 
where φ  and 0φ  are potentials in bounded and infinite 
media, respectively, and n represents normal direction to the 
body surface. Applying the boundary element method with 
respect to ψ  
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where G is the Green function of 
 
1
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G
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where r is the distance from a dipole source and the 
integration is performed with respect to . Discretization of 
the integral equation (7) leads to linear equations 
'rG
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where  and ijh ijg  are coefficients depending on the torso 
geometry and N is the number of elemental triangles which 
approximates the torso surface. To ensure a unique solution 
for equation (9), an additional condition 
 
0
1 1
N N
j j
j j
a j jaψ φ
= =
= −∑ ∑                           (10) 
 
is further imposed, where ja  is proportional to the area of 
an elemental triangle which has an apex j. This condition is 
used to define a potential reference so that the surface 
potential integral is zero. In matrix notation, 
 
0H GQ AΨ = − −                             (11) 
 
is obtained and the final solution for surface potentials is 
expressed as: 
 
0 0MQ P0Φ = Φ − − ,                        (12) 
 
where  
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T 1 TM (H H) H G−=                            (13) 
 
and 
 
0 T 1 TP (H H) H A−= .                          (14)  
 
C. Distribution of Action Potential Duration  
In our model we assume that ventricle APDs are distributed 
without significant discontinuities and boundaries between 
different ventricular cell types. To obtain such APD 
distribution in the ventricles taking into account M-cell 
concept, we set up our model to be in imaginary artificial 
condition in which simultaneous stimuli are applied at initial 
time instant 1 to the model cells on the outermost basal layer 
(basal epicardial surface). Then, the excitation front 
propagated in epicardial-to-endocardial and base-to-apex 
directions at a velocity so that at each step propagation 
proceeds one model cell ahead. Meanwhile, other stimuli are 
applied at time instants 2 and 4 to right and left ventricle 
basal endocardial surfaces, respectively, causing the 
propagation of excitation fronts in endocardial-to-epicardial 
and base-to-apex directions with the same velocity.  The 
excitation wave fronts meet in the depth of the 
midmyocardium and cancel each other. The time instants 
were chosen so as to yield the most realistic normal ECG 
waveforms. 
 
Figure 3. The horizontal cross-section of the heart model with sequence 
layers. RV and LV represent the right and left ventricles, respectively. 
 
        The sequence number of excitation for a model cell 
corresponds to the particular APD value, thus the model 
cells with the same sequence number create layers with 
equal APD values. Midmyocardial zeniths appear in the 
points where the wave fronts come into contact. Figure 3 
shows a horizontal cross-section of the heart model with 
APD distribution sequence thus obtained. The cell layers 
composing the islands with the maximal APD values are 
considered as M-cells. 
        The most important distinction between epicardial and 
M-cells APD is the difference in slow delayed rectifier 
current IKs value [1], and the APD is a function of maximal 
IKs conductance GKs. For calculation of AP waveform and 
APD90 value (determined as action potential duration at 90% 
repolarization) the dynamic restitution protocol proposed by 
Koller et al. [26] was used. A series of 100 stimuli was 
generated at fixed cycle length (800 ms) until a steady-state 
APD is reached. This procedure was repeated to calculate 
APD90 for each cell layer number n (n = 1…N) changing the 
value of GKs from epicardial value EpiKsG  to midmyocardial 
value MKsG  with 6 different dependences on n:  
 
(A):  ( ) (n Epi Epi MKs Ks Ks KsG G n N G G= − ⋅ − )               (15) 
 
- simple linear function and functions (B-F): 
 ( )exp logn Epi M EpiKs Ks Ks Ks XG G G G F⎡ ⎤= ⋅ ⋅⎣ ⎦ ,          (16) 
 
where 
 
BF n N= ,                                (17) 
Figure 4. (a) distributions of maximal slow delayed rectifier current 
conductance (GKs) and (b) resulting calculated distributions of action 
potential durations (APD90) for six distribution functions A-F described by 
Eqs. (15)-(21). The distributions correspond to the transverse cross-section 
of left lateral ventricular wall marked by black line in Figure 3. 
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( )2CF n N= ,                                 (18) 
 
 
 
( )1 cos / 2DF n N⎡= − π⎣ ⎤⎦ ,                     (19) 
 
EF n N= ,                                (20) 
 
( )21FF n N= − .                            (21) 
 
Here N = 8 is maximal layer number (see Fig. 3).  
 
D. T-wave Analysis  
T-wave amplitude, Q-Tpeak interval, and QT interval were 
measured automatically on the obtained standard 12-lead 
ECG waveforms. In the case of biphasic T-wave, its 
amplitude and apex position were determined by the highest 
absolute value of the amplitude. For the measurement of the 
QT interval, the Tangent method [27] was used to 
extrapolate the end of T-wave. We defined the latter as the 
intersection of the tangent to the steepest portion of the 
terminal limb of the T-wave with the isoelectric baseline.  
 
III. RESULTS 
Figure 4 shows the GKs dependence on sequence layer index 
as well as resulting APD90 values distribution for the six 
dependences in question. Distribution of GKs value from 
midmyocardium to endocardium mirrorly repeats the 
epicardial-to-midmyocardial one. Than, we investigated the 
influence of proposed distributions of GKs value, and thus 
obtained distributions of APD90 values on the ECG 
waveforms, in particular, T-waves, performing single beat 
simulations with the cycle length of 800 ms.  
        Figure 5 demonstrates ECG waveforms with different 
T-wave shapes simulated for the APD90 distribution 
dependences calculated with the functions A-F [Eqs. (15)-
(21)] shown in Fig. 4 and described in the previous section. 
The obtained waveforms were analyzed in order to find out 
the most appropriate shape corresponding to the normal 
ECG ranges. For the distributions B, D, and F first limb of 
T-wave is moving faster then second limb which is abnormal 
for healthy human heart. The T-waves in case C are too 
weak and narrow. There are pronounced notches on T-waves 
in distribution E. Accordingly, for further simulation study 
we chose linear distribution of GKs [function A, Eq. (15)] 
since it yields more realistic T-wave shapes. 
Figure 5. ECG waveforms with different T-wave shapes for six different APD90 distribution dependencies A-F described by Eqs. (15)-(21). P- wave and 
QRS complex are not shown. Horizontal axis shows time from beginning of the sinus rhythm.  
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        Figure 6 shows APD, excitation, and repolarization 
distributions for six different horizontal cross-sections of the 
model heart from base to apex calculated with the modified 
model. In the demonstrated APD distributions the cells with 
longest APD are located in the left ventricular wall and 
septum and the shortest one in right ventricle (Fig. 6a).  The 
obtained APD gradients between apex and base and left and 
right ventricles are similar to reported in the experimental 
works [28-30]. The excitation sequence (Fig. 6b) resembles 
that described by Durrer et al. in the human heart [31]. The 
repolarization time is shortest in the epicardial and 
endocardial cells, while it is longest in the midmyocardial 
 
 
Figure 6. Action potential duration (a), excitation (b) and repolarization (c) distributions for six different horizontal cross-sections of model heart from 
base (top) to apex (bottom) for linear GKs distribution. The time for the excitation and repolarization is shown from beginning of the sinus rhythm. 
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Table 1.  
Minimal and maximal APD90 values calculated with different Cτ f  
cells (Fig. 6c) which follows from the summation of 
excitation sequence time and APD distribution. 
        Variation of the GKs value beyond the (ultimate) limits 
used in the original ion channel model [21] resulted in the 
significant deformation of the AP waveforms in AP phases 2 
and 3. To change the dispersion of APD along with GKs 
value we used the variation of inactivation time constant τf 
for the f gate [21]. For this purpose, we introduced an 
additional parameter Cτf as a multiplication factor for τf . 
The parameter Cτf was altered only for the voltage range V > 
0 mV, thus varying the inactivation but not recovery kinetics 
of L-type calcium current ICaL. Resulting minimal and 
maximal APD90 values calculated with different Cτf are 
shown in Table 1. 
        Simulated ECG waveforms for lead V5 with variation 
of Cτf are demonstrated on the Fig. 7. The increase of Cτf 
(and, consequently, widening the positive voltage part of an 
AP) simultaneously for both minimal (epicardial) and 
maximal (midmyocardial) cells leads to rising of amplitude, 
width, and end point of T-wave (see Fig. 7a). It is happened 
because of increasing contribution (the number) of 
Cτ f Minimal APD90, ms Maximal APD90, ms 
0.3  235 
0.4 224 266 
0.5 244 296 
0.6 262 325 
0.7 278 351 
0.8 293 375 
0.9 306 396 
1.0 317 417 
1.1 328 436 
1.2 338 453 
1.3 347 469 
1.4 355 484 
1.5 363 497 
1.6 369 510 
 
 
 
Figure 7. Calculated ECG waveforms (lead V5) for different values of Cτf : 
(a) Cτf increases from 0.4 to 1.3 along the arrow direction simultaneously 
for both minimal (epicardial) and maximal (midmyocardial) APD90; (b) Cτf 
is constant (0.4) for minimal APD90 while it increases from 0.3 to 1.6 for 
maximal APD90 along the arrow direction; (c) Cτf  is constant (1.6) for 
maximal APD90  while it decreases from 1.6 to 0.4 for minimal APD90 along 
the arrow direction. Cτf varies with 0.1 step for all figures here. 
 
Figure 8. Dependence of T-wave amplitude (ECG lead II): (a) on minimal 
epicardial and maximal midmyocardial APD90 values, (b) on transmural 
APD90 heterogeneity. Black dots represent calculated ECG data points. 
Discontinuity in the data is caused by a transition between a monophasic 
and a biphasic T-wave. 
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myocardial cells with longer APD. The enlargement of Cτf 
for maximal and minimal APD90 separately leads to 
increasing transmural gradient of APD. In the Fig. 7b, longer 
maximal APD90 correlating with the repolarization of M-
cells significantly prolongs QT interval, similar to reported 
in the works [32, 33]. Correspondently, the increase of 
minimal APD90 associated with prolongation of epicardial 
repolarization manifests in decreasing of ST segment 
duration (Fig. 7c). 
        Figure 8 shows relation between the T-wave amplitude 
and minimal epicardial and maximal midmyocardial APD90 
values for standard ECG lead II. General view of the 
calculated data on T-wave amplitude in three dimensions is 
shown on Fig. 8a. The line on Fig. 8b is a polynomial fit 
(correlation coefficient is 0.99) of the calculated T-wave 
amplitude data plotted against the transmural heterogeneity, 
defined as the difference between maximal and minimal 
APD90 values. The obtained dependence reveals slight 
nonlinear behavior with a tendency to saturation. At the 
transmural heterogeneity less than 50 ms the T-wave became 
negative.  
 
        Figure 9 depicts the dependence of Q-Tpeak interval on 
minimal and maximal APD90 values in ECG lead II in three-
dimensions and its linear polynomial fit against the minimal 
APD90 with averaged maximal APD90 value (correlation 
coefficient is 0.92). 
        QT interval dependence on minimal and maximal 
APD90 values calculated for ECG lead II is demonstrated in 
Fig. 10. The 3D graph on Fig. 10a shows weak dependence 
of QT interval magnitude on minimal APD90 value. Despite 
big dispersion of the calculated data caused by the difficulty 
of the T-wave end detection, we extracted a polynomial fit 
(correlation coefficient is 0.83) of the second order plotted 
against maximal APD90 value in Fig. 10b. 
 
 
Figure 10. Dependence of QT interval (ECG lead II): (a) on minimal 
epicardial and maximal midmyocardial APD90 values, (b) on maximal 
APD90 value. Black dots represent calculated ECG data points.  
 
 
Figure 9. Dependence of Q-Tpeak interval (ECG lead II): (a) on minimal 
epicardial and maximal midmyocardial APD90 values, (b) on minimal 
APD90 value. Black dots represent calculated ECG data points. 
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 IV. DISCUSSION 
We demonstrated here new inhomogeneous continuous APD 
distribution utilizing 3D whole-heart model. Ventricular 
myocytes are heterogeneous due to regional variations in 
densities of membrane ionic currents. M-cells have the 
lowest density of IKs in the human ventricle [1] contributing 
to spatial dispersion of APDs. 
       We suppose that AP distribution is continuous in length 
from epicardium to midmyocardium, and from 
midmyocardium to endocardium. Thus, we assume that M-
cells is conditional concept, they have longer APD than 
epicardial and endocardial cells, and have no specific 
morphological features. The study closest to our work was 
published by Trudel et al. [12]. This researches obtained 
continuous APD distribution across the myocardium, with 
less APD deviation of three cell types in the thinner right 
ventricle.  
        Six different GKs distribution functions on layer index 
were considered.  The linear GKs and corresponding APD 
dependences were chosen for further ECG simulations as 
demonstrating most realistic T-wave shapes. 
        The creation of T-wave depends on the difference 
between the shortest and the longest APs. We suppose that 
AP in epicardium is always shorter in comparison to endo- 
and midmyocardium. Midmural zeniths are located as 
islands of cells in the depth of thickest areas of ventricular 
tissue [34], which can reflect technical difficulties in finding 
and locating of M-cells experimentally. The controversy in 
M-cell existence is reflected in recent works [35, 36]. 
        If the contraction rate is constant over the whole 
myocardium, the thick (left) ventricular wall shrinks and 
relaxes slower than the thin (right) wall, thus cells in thick 
wall should have longer APD, and so the range of M-cells 
region could be a functional behavior [37].  
        Amplitude and wideness of T-wave increase with 
enlarging the difference between minimal (epicardial) and 
maximal (midmyocardial) APD values. The decreasing of 
transmural heterogeneity leads to diminishing of T-wave 
parameters and its absence results in negative T-wave in 
most ECG leads, which is not physiological. Our results 
support the existence of M-cells as well as transmural 
heterogeneity in healthy human heart. However, the M-cell 
definition in our case seems to be inexplicit because the 
maximal APD values are different in different parts of 
myocardium, for right and left ventricles, the base and apex, 
even for one horizontal cross-section of the heart. 
        Using our proposed transmural distribution of APD we 
obtained natural ratios of the T-wave amplitudes in different 
ECG leads (Fig. 5): in lead I the T-wave is higher than in 
lead III, in lead V1 it is lower than in lead V6, and it is 
negative in lead aVR.  
        The transmural repolarization gradient is caused by the 
voltage difference of minimal and maximal APDs. To 
increase the heterogeneity we prolonged maximal and 
shortened minimal myocardial potentials which went beyond 
the physiological limits of normal heart function, thus 
mimicking pathological conditions such as short and long 
QT syndromes. In the case of homogeneous and weak 
heterogeneous myocardium we obtained negative T-waves, 
while increase of the transmural gradient resulted in the 
enlargement of the T-wave amplitude and width (Fig. 8). 
The polarity of the T-wave can be changed in a controlled 
manner [35]. 
        The Q-Tpeak interval reflects final repolarization of 
epicardial cells, consequently with increase of minimal APD 
value the epicardial cells repolarize later [32, 33]. In our 
simulations we obtained almost linear dependence Q-Tpeak 
on minimal APD value while no significant relation between 
maximal APD and Q-Tpeak were observed (Fig. 9).  
        The QT interval is known to be related to final 
repolarization of the midmyocardial cells. These cells have 
the longest APD and thus repolarize last. So the end of the 
T-wave depends on the length of maximal APD, which is 
demonstrated by the results of our simulations (Fig. 10). 
 
V. LIMITATIONS 
In the present work we employed simplified approach for the 
modulation of APD using only variation of maximal slow 
delayed rectifier current conductance GKs and time constant 
for f gate Cτf. We only focused on the study of influence of 
the AP length on the T-wave morphology, since the role of 
the AP shape is insignificant for the normal heart. Thus we 
did not include into our ion channel model any differences 
between midmyocardial and endocardial cells in values of 
transient outward current Ito, which is responsible for the 
distinction between AP shapes in phase 1. Also, if new 
experimental data on other ionic currents underlying AP 
waveform variation throughout myocardial tissue become 
available, the utilization of these currents may improve our 
model. 
        Although the whole heart model used in this study is 
rather simple and computationally efficient, the increase of 
current model cells spatial resolution of 1.5 mm may 
improve precise tuning of M-cells location in the 
midmyocardium and fine spatial APD distribution, which is 
especially important for the simulation of the arrhythmias.  
 
VI. CONCLUSION 
We proposed the computer model which includes 
combination of ion channel cellular AP model and 3D whole 
heart structure with continuous and inhomogeneous APD 
distributions which is a function of GKs distribution. The 
APD distribution depends on the thickness of the 
myocardium, with the longest APDs located in the left 
ventricle and septum. The obtained results demonstrated that 
transmural heterogeneity is essential to T-wave formation 
and are in a good agreement with experimental observations, 
in particular, T-wave amplitude closely correlates with 
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transmural APD90 heterogeneity, maximal AP duration 
approximates QT interval, and Q-Tpeak linearly depends on 
minimal AP duration. 
        Our simulations demonstrated the validity of the 
proposed continuous heterogeneous APD distribution with 
islands (zeniths) of M-cells. The proposed original APD 
distribution is reasonable and produces realistic ECG 
waveforms. 
 
APPENDIX. MODIFICATION OF ION CHANNEL 
MODEL 
The cell membrane is modeled as a capacitor connected in 
parallel with variable resistances and batteries representing 
the different ionic currents and pumps. The 
electrophysiological behavior of a single cell is described 
using Hodgkin-Huxley-type formalism [38]: 
 
 
m
stimion
C
II
t
V +−=∂
∂  ,                           (A1) 
 
where V is the transmembrane potential, t is time, Istim is the 
externally applied stimulus current, Cm is the cell 
capacitance per unit surface area, and Iion is the sum of all 
transmembrane ionic currents: 
Table 2.  
Model parameters for our modified ion channel model. 
Parameter 
 
Iion= INa + IKI + Ito+ IKr+ IKs+ ICaL+ INaCa+ INaK+ IpCa 
+ IpK+ IbCa+ IbNa+ INaL .                          (A2) 
 
Here INa is fast sodium current, IKI is inward rectifier 
potassium current, Ito is transient outward current, IKr and IKs 
are rapid and slow delayed rectifier potassium currents, 
respectively,  ICaL is L-type calcium current, INaCa is sodium-
calcium exchanger current, INaK is sodium-potassium pump 
current,  IpCa is sarcolemmal calcium pump current, IpK is 
plateau potassium current, IbCa and IbNa are background 
calcium and sodium currents, respectively, and INaL is late 
(slowly inactivating) sodium current. 
        The original formulation of INaCa was based on the 
guinea pig model [39]. In this study we used the allosteric 
formulation of INaCa introduced by Weber et al. [40] where 
INaCa was represented by an electrochemical (ΔE) and an 
allosteric (Allo) factors. This formulation was included in 
canine cardiac ventricular cell model of Hund and Rudy [41] 
with parameters for canine myocyte. 
        We accepted the data from the work of Weber et al. 
[42] for human ventricular cells and did not use any 
additional factor enhancing outward nature of INaCa (see 
Table 2 for parameters): 
 
NaCaI Allo E= ⋅Δ ,                      (A3) 
 
where 
 
( )2
1
1 mCaAct i
Allo
K Ca
= +
,               (A4)  
 
  
 
( ) ( )
( ) ( )( )
3 3
max
3 3 3
3 3 3 3 3
exp exp ( 1)
1
1 exp ( 1)
1
i o o i
mCa i mNai i mNaiDis o i mCaiDis
sat
mCaiDis o i mNaiDis i o o i
v Na Ca VF RT Na Ca VF RT
E
K Na K Ca K Ca Ca K
k VF RT
K Na Na K Na Ca Na Ca
γ γ
γ
⎡ ⎤− −⎣ ⎦Δ = ⎡ ⎤+ + +⎢ ⎥⎡ ⎤+ −⎣ ⎦ + + + +⎢ ⎥⎣ ⎦
.                      (A5) 
 
 
Here F is Faraday’s constant, R is the universal gas constant, 
T = 310 K is temperature, Cai and Nai, Cao and Nao are 
intracellular and extracellular ionic concentrations of 
calcium and sodium, respectively, KmCa and KmNai are half-
saturation constants for INaCa, respectively. 
        For activation of INaL we use kinetics and steady-state 
voltage dependence of INaL from original ten Tusscher and 
Panfilov model [21]: 
 
3 (NaL NaL L L NaLI G m h V E= − ) ,                   (A6) 
 
Definition    Value 
GNaL Maximal INaL conductance 0.0113 nS/pF 
Inactivation time constant for INaL 600 ms τhL
Maximal flux of INaCa 8.8 pA/pF vmax
kNaCa Maximal  INaCa 1.000 pA/pF 
γ Voltage dependence parameter of 
INaCa
0.35 
KmCaiDis Intracellular Ca dissociation 
constant for INaCa
0.0036 mmol/L 
KmNaiDis Intracellular Na dissociation 
constant for INaCa
12.3 mmol/L 
KmCaAct Half-maximal Ca induced 
activation of INaCa
1.50 x10-4 mmol/L  
ksat Saturation factor for INaCa at 
negative potentials 
0.27 
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where mL and hL are activation and inactivation gates for 
INaL, respectively. The voltage dependence and kinetics of 
inactivation are based on data from human ventricular 
myocytes [43, 44] (see Table 2 for parameters). The 
formulation of INaL inactivation was adapted from Hund and 
Rudy [41]. Equilibrium late Na+ potential ENaL was 
calculated in accordance with the Nernst equation: 
 
ln oNaL
i
NaRTE
F Na
⎛= ⎜⎝ ⎠
⎞⎟
)m
.                      (A7) 
 
The equations for the activation and inactivation gates are as 
follows: 
 ( ) (1 exp /i iL Lm m m m t τ−∞ ∞= + − −Δ ;            (A8) 
 
2
1
56.861 exp
9.03
m
V
∞ = ⎛ − −⎛ ⎞+ ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
⎞
;                 (A9)  
 
1
601 exp
5
0.1 0.1
35 501 exp 1 exp
5 2
m V
V V
τ = ×− −⎛ ⎞+ ⎜ ⎟⎝ ⎠
⎧⎪⎪ +⎨ + −⎛ ⎞ ⎛ ⎞⎪ + +⎜ ⎟ ⎜ ⎟⎪ ⎝ ⎠ ⎝ ⎠⎩ 00
⎫⎪⎪⎬⎪⎪⎭
)
;         (A10) 
 ( ) (1 exp /i iL L L L hLh h h h t τ−∞ ∞= + − −Δ ;          (A11) 
 
 
1
941 exp
6.9
Lh V∞
= +⎛ ⎞+ ⎜ ⎟⎝ ⎠
;                       (A12) 
 
where Δt  is time step, τm and τhL are activation and 
inactivation time constants for  INaL, respectively, and i is the 
iteration index. Equations (A8) and (A11) represent the 
solution of gating equations [38] with Rush-Larsen method 
[45]. 
        Regional differences in INaL have been described for 
canine [46] and guinea pig myocardium [47], with guinea 
pig M-cells having a smaller INaL and canine M-cells having 
a larger INaL than the other cell types, and differences in the 
density of INaCa have been described for canine myocardium 
[48], with M-cells having a larger exchanger current. 
Because of the contradictory and insufficient experimental 
data for human myocytes, we did not include these 
differences in the description of transmural heterogeneity of 
our model. 
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